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1. INTRODUCTION 

1.1. NAND Flash memory 

THE NAND Flash technology has become a leading technology in the nonvolatile (NV) 

memory market that has proven to largely overcoming hard-disk drive technology [1]. This is 

due to the capability of the NAND Flash solution to address quite a variety of applications better 

than any other storage technology, thanks its successful tradeoffs between reliability, 

performance, and cost [2]-[4]. The rapid evolution of the technology makes it possible to steadily 

increase the integration density of the NAND array. This is proved in Fig. 1.1 in terms of gross 

 

 

Fig. 1.1. GBSD of the single-level cell (SLC), multi-level cell (MLC), and triple-level cell (TLC) 2D and 

MLC, TLC, and QLC 3D NAND Flash chips presented at the IEEE ISSCC since 2001 [after3]. 
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bit storage density (GBSD), for example, the ratio between the storage capacity and the total chip 

area of the NAND Flash chips [4]-[6]. 

With technology development, the improvements of the 2D NAND Flash technology over 

the years is achieved by increasing in process and system complexity [7]. Vertical-channel 3D 

NAND arrays came as a relief to that challenge of the NAND Flash technology. They allowed to 

use conventional single-patterning ArF immersion lithography, reducing the need for double- 

patterning techniques [8]. Meanwhile, owing to their much larger cell size, 3D NAND show 

 

Fig. 1.2. (a) Schematic picture of a vertical-channel 3D NAND Flash memory array. Vertical cross 

section of a 3D NAND Flash memory array based on (b) charge-trap storage and (c) floating-gate storage. 

IPD is inter-poly dielectric and O/N/O stands for oxide/nitride/oxide [after4]. 
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reduced impact on device reliability and performance of the main physical issues that 

constrained the performance of 2D technologies [9], [10]. Fig. 1.2 (a) shows the schematic 

structure of a vertical-channel 3D NAND Flash array. Different vertical-channel 3D NAND 

Flash array technologies have been developed nowadays. The main difference among them is the 

material adopted to store charge in the memory cells, which can be either conventional 

polysilicon [10] or a dielectric layer with a high density of trap centers, typically silicon nitride 

[11], [12]. Fig. 1.2 (b) and (c) shows the schematic cross section of the NAND string in the two 

cases, offering benefits and drawbacks in terms of program/erase performance, reliability, and 

integration complexity [3]. 

1.2. Main operations of NAND Flash memory 

Fig. 1.3 schematically depicted a planar NAND Flash array consists of floating-gate 

transistors. Floating-gate transistors can store information in terms of charge in their floating gate, 

such transistors are connected in series along strings and are driven by shared wordlines (WLs). 

Additional service elements other than the memory cells are required in order to store and access 

data safely for memory technologies. For NAND Flash technology, the number of the service 

elements is relatively low, which is another key advantage of this storage solution [4]. For 

example, all of the memory cells in a NAND string are addressed by a single drain select 

transistor driven by a drain select line (DSL) and a single source select transistor driven by a and 

a source select line (SSL), as shown in Fig. 1.3. And then the source select transistors are 
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connected to a source line and the drain select transistors are connected to the bitlines (BLs). The 

upper and lower cells in the strings are dummy cells [13], driven by dummy lines (DULs). 

Storing data in a NAND Flash array is achieved by changing the floating-gate charge of the 

memory cells to set their threshold voltage (Vth) to a certain level. And the information stored in 

the memory cell is determined by the level of its Vth. Program, erase and read operations are 

required for NAND Flash array to store and access data in their memory cells. The schematic 

description of the voltages applied to the NAND string for those operations is shown in Fig. 1.4. 

 

Fig. 1.3. Schematic description of a NAND Flash array. Strings are selected by means of a drain select 

transistor, connecting the string to a BL and driven by a DSL, and a source select transistor, connecting 

the string to an implanted source line and driven by an SSL [after 4]. 
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Fig. 1.4. Schematic description of the voltages applied to the NAND string to (a) read, (b) program a 

selected memory cell in the string and (c) erase the entire NAND block.  and  are the voltages 

applied to the gates of the biased select transistors during read and program, respectively [after 4]. 

 

For the read operation, a read voltage VRX is applied to a selected cell’s control gate and all of 

the other cells and the two selectors in the same string are acting as pass transistors, to sense the 

current flowing through the selected cell [14], [15]. The voltages applied to the NAND array are 

depicted in Fig. 1.4(a): the voltage of the WL of the selected cell is raised to VRX and that of 

unselected cells is raised to . The string is connected to the BL (biased at VBL,R > 0 V) and 

the grounded source line by positively biased DSL and SSL.  must be set higher than the 

maximum Vth level so that all of the unselected cells in the string are highly conductive 

irrespective of their memory state. These operating conditions lead to a current flow through the 



 

6 

 

string that is mainly limited by the selected cell. A sense amplifier allows then to assess if the cell 

Vth level is lower or higher than VRX from the integration of this current [16], and from that, the 

information stored in the cell can be read. 

For the program operation, uniform Fowler-Nordheim (FN) tunneling of electrons from 

channel to floating gate through the tunnel oxide has become the elective physical mechanism to 

program the memory cells in a NAND Flash array [17], [18]. Fig. 1.4(b) shows the voltages 

applied to the NAND array for program operation. A program voltage VP is applied to the WL of 

the selected cell, with all of the other WLs biased at a pass voltage ). The SSL is grounded 

so that all the source select transistors are kept off. A positive voltage  is applied to the gate of 

drain select transistor, so that the string is connected the grounded BL. In order to reduce the 

electric field in the dielectric material isolating the DSL/SSL and the DUL, the DUL lines are 

biased at a voltage VDUL lower than  [19], [20]. By applying such voltage to the NAND 

string, a high electric field is created in the tunnel oxide of the selected cell by VP, electrons can 

therefore uniformly tunnel from the channel of the memory cell to its floating gate, change their 

Vth to a programmed level. To achieve a fine placement of the Vth levels among the memory cells, 

an incremental step-pulse programming (ISPP) technique is used on the program voltage VP [21], 

in which fast pulses of increasing amplitude are used to inject a constant, controlled amount of 

charge onto the floating gate at each step, follow with program verify operation in which Vth is 

monitored. 

For the erase operation, the voltages applied to the NAND array is depicted in Fig. 1.4(c): a 
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high positive voltage VE is applied to the p-well of the array with all of the WLs grounded, 

leading to a uniform Fowler-Nordheim tunneling of electrons from the floating gate to the 

channel of the memory cells [17], [18]. All the BLs, the source line, the DSL, and the SSL are 

left floating to reduce the electrical stress on the other parts of the block. A positive voltage VDUL 

is applied to the DUL, similar to the program operation, to reduce the electric field in the 

insulators between these lines and the DSL/SSL [20]. After the erase pulse, a verify operation 

will check whether the Vth of all the cells in the block is below 0 V. An additional erase pulse will 

be applied with higher VE if this condition is not met. 

1.3. Radiation effects and reliability issues of NAND device 

The microelectronic components in space are exposed to various types of radiation such as 

protons and electrons, which interact with the semiconductor material to cause ionizing damage, 

atomic displacement, and/or single event effects. Total-dose irradiation is a significant concern 

for the long-term reliability of MOS devices. It is extremely important to understand radiation 

effects on semiconductor devices for the application of advanced technologies and materials in 

space environments. This section will first discuss the basic effects of radiation-induced charge 

buildup in MOS devices, including oxide, interface, and border traps. 

Fig. 1.5 shows a schematic energy diagram of a MOS structure under positive bias applied 

to the gate and indicates four major physical processes that contribute to the radiation response 

of a MOS device. For MOS devices, the most total-dose radiation-sensitive parts are the oxide  
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Fig. 1.5. Schematic energy band diagram for MOS structure under positive bias, indicating major physical 

processes underlying radiation response. [after 22]. 

 

insulators. Electron-hole pairs are created in the oxide by the deposited energy when a MOS 

device is exposed to high-energy ionizing radiation. Because the electrons are much more mobile 

(20 cm2/V sec at 300 K in fused quartz [23]) than the holes (~4×10-9 cm2/V sec at 300 K) in SiO2, 

most of the electrons are swept out of the oxide rapidly, and the remaining holes are trapped in 

micro-structural defects and pre-existing traps. However, some of the electrons will recombine 

with holes before they leave the oxide. The fraction of electron-hole pairs that escape 

recombination is called the charge yield. The fraction depends significantly on the energy of the 

incident particle and the strength of the electric field in the oxide. The generation and 
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recombination of electron-hole pairs are the first processes shown in Fig 1.5. Those holes that 

escape initial recombination will further transport toward the Si/SiO2 interface by hopping via 

localized states in the oxide [24]. This process typically takes less than a second, but may take 

place over many decades in time. Because hole transport in SiO2 is highly dispersive [25], as a 

result, the "tail" of the transport extends over several decades in time. 

When the holes approach the Si/SiO2 interface, some of the holes will be neutralized by 

electrons thermal emission from the trapping sites or tunneling from silicon, while others get 

trapped at relatively deep trapping states, forming positive oxide trap charges. These oxide 

trapped charges can lead to threshold voltage shift as well as an increase of radiation-induced 

leakage current (RILC) in these devices [26]-[28]. RILC is often attributed to an inelastic 

tunneling process assisted by neutral traps in the oxide. The neutral electron trap likely originates 

as radiation-induced holes trapped at E’ centers in the oxide. The Electron Spin Resonance (ESR) 

measurements performed by P. M. Lenahan et al. have shown a link between E’ centers and 

RILC [29]. 

Meanwhile, as holes transport toward the interface through the oxide, hydrogen ions 

(protons) can be released in the oxide bulk. Under positive gate bias, those protons can drift to 

the Si/SiO2 interface, where they may react with Si-H to form H2, leaving silicon dangling bonds 

at the interface. These dangling bonds can act as interface traps, which are localized states in the 

Si band-gap. Their occupancy is determined by the Fermi level, leading to a change of threshold 

voltage and a decrease of carrier mobility [31]. 
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Fig. 1.6. Fraction of holes which escape recombination for 10-keV x-ray irradiations as a function of 

oxide field. The solid line is a fit to data. [after 30]. 

 

As previously mentioned, some fraction of the radiation-induced holes will recombine with 

the electrons before the electrons are swept out of silicon dioxide. The fraction of holes escaping 

initial recombination depends significantly on the magnitude of the electric field through the 

oxide. When an electric field is applied across the oxide of a MOS device, the radiation-induced 

electron-hole pairs will immediately be separated and begin to transport in opposite directions. 

As the electric field strength increases to separate pairs more efficiently, the probability that a 

hole will recombine with an electron decreases, and the charge yield increases. Fig. 1.6 plots the 

fraction of holes that escape recombination for 10-keV x-ray irradiation as a function of the 
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electric field. When the electric field is higher than 4 MV/cm, more than 80% of radiation-

induced holes escape initial recombination. 

 

 
Fig. 1.7. Physical mechanisms involved in the programmed SONOS device under TID irradiation: (1) 

electron-hole pairs are generated in the nitride layer; (2) electrons emission over the nitride/oxide barriers; 

(3) electron-hole pairs are generated in the tunnel oxide and blocking oxide; (4) traps existing in the 

tunnel oxide assist electrons conducting from the nitride layer to silicon; and (5) the interface states are 

generated at the silicon/tunnel oxide interface (channel region) [after 36]. 

 

NAND Flash technology has become the leader in the NV memory market [1], [3]. NAND 

Flash memory devices are based primarily on 3D architecture because they overcome the density 

limits inherent to planar NAND devices and have become effective solutions for high density 

storage [32],[33]. Conventional floating-gate (FG) structures face fundamental scaling limits 

[33]. Thus, silicon-oxide-nitride-oxide-silicon (SONOS) structures have become appealing 

alternatives for NV memory applications due to their process simplicity, economy of power, film 

scalability, and radiation tolerance [34],[35]. Total ionizing dose (TID) effects are an important 

consideration in the use of NV memories in space and other high-radiation  
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environments [36]-[38]. SONOS NOR-based NV memory devices are more radiation-tolerant 

than FG memories [39]-[45]. Fig. 1.7 shows the physical mechanisms involved in the 

programmed SONOS device under TID irradiation [36]. 

Electron-hole pairs are generated in the nitride layer during TID radiation, which will 

recombine partially afterwards. And then the remaining electrons will be swept out of the nitride 

layer by the build-in electric field induced by trapped electrons, remaining holes in the nitride 

will either recombine with the trapped electrons or captured by the trapping sits, owing to the 

higher trapping probability for holes than electrons in nitride [39],[44]. Trapped electrons can 

also emit from traps in the nitride and transport out of the dielectric layer during irradiation by 

absorbing energy from radiation [39]. The radiation introduced electron-hole pairs in the 

tunnel/blocking oxide recombine partially afterwards. And then the remaining electrons will be 

swept away toward the channel and the poly-silicon gate by the build-in electric field, remaining 

holes are attracted to the SiN layer and eventually trapped in the near-SiN regions of the 

blocking and tunnel oxides [39], [46]-[49]. Traps existing in the tunnel oxide assist electrons 

conducting from the nitride layer to silicon [36]. The interface states can also be generated at the 

silicon/tunnel oxide interface by high electric field or radiation, which can result in an increase in 

the subthreshold slope (SS). These reasons explain that radiation can significantly impact the 

performance and the storge information of the memory cells, which can eventually lead to failure. 

Reliability of a NV memory represents its capability to store data and allow for their correct 

retrieval after a relatively long stretch of time. 3D memory relieves the need of scaling the cell  
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Fig. 1.8. Endurance performance for a 3D NAND [54]. 

 

 

Fig. 1.9. Retention performance for floating-gate based 3D NAND and different temperatures [63]. 

retention still present in 3D devices [2],[3],[50].  

 

area by placing it onto the increase in the number of stacked layers, and as a consequence, 

achieved a better reliability performance. However, reliability issues such as endurance and data 

retention still exist. 
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Endurance specifies the maximum number of program/erase (P/E) cycles that the memory 

chip can tolerate. The endurance of a memory cell can be observed by repeating P/E operations 

on it and monitoring the resulting Vth change. For planner cells it has been proved that their Vth 

levels will experience an increase for high values of P/E cycles, eventually leading to a read 

failure [2]. This phenomenon is one consequence of the electron flow through the oxide during 

FN tunneling, which will generate oxide traps and fixed charge in the devices [51]-[53]. Fig. 1.8 

shows the endurance performance of a 3D NAND cell as a function of P/E cycles [54]. Because 

of the larger cell size compared to their planar counterpart, 3D NAND are reported to have better 

endurance performance [55]-[59]. based 3D NAND design. Reliability issues other than 

endurance and retention, such as RTN noise, charge detrapping, cell-to-cell electrostatic 

interference will also affect the performance of 3D NAND [8], [64]-[66]. 

Floating-gate based NAND devices suffer from stress introduced leakage current (SILC) 

after heavy P/E cycling, such effect has also been reported in 3D NAND technologies, though it 

is not expected to be the main cause of retention loss [59], [60]. SILC shows much less 

significant impact for charge-trap based memories, due to the localized nature of storage [61]. 

However, it has been reported that defect build-up in the tunnel oxide will enhance the trap assist 

tunneling effect which will eventually lead to retention loss for charge-trap based memories [62]. 

Fig. 1.9 shows retention performance for 3D NAND and different temperatures [63], suggest that 

a good intrinsic retention can be achieved for a floating-gate memory device.  

Random telegraph noise in MOS transistors is an abrupt two-level fluctuation in drain 



 

15 

 

current following trapping and release of a single electron by an oxide defect. This well-known 

phenomenon has been observed and studied since the 1980s [2]. For a NAND Flash memory cell, 

the defects located in oxide layer and oxide/channel interface can trap and release single electron. 

When a single electron is trapped by the defect, the current of the device will decrease and 

therefore the Vth of the device will increase. On the contrast, when a single electron is released by 

the defect, the current of the device will increase and the Vth of the device will decrease. Those 

phenomena together will lead to Vth fluctuation in the memory cell, and since the storge 

information is dependent on the device threshold voltage, RTN could lead to Flash memory  

 

 

Fig. 1.10. Time dependence of Vth for three Flash cells affected by RTN. Vth is sampled at times t1 and t2 

and the RTN amplitude is defined as the threshold voltage difference. Note that (a) null, (b) negative and 

(c) positive ΔVth can result [After 2]. 
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Fig. 1.11. (a) Percolative conduction in polysilicon thin cylindrical channel amidst GB potential barriers 

and trapped charges. (b) Current fluctuations due to RTN. (c) Large RTN impact of single electron 

trapping (orange) located along percolation path [After 66]. 

 

 

Fig. 1.12. Measured cumulative Vth distribution of a page of a NAND Flash array as resulting from the 

program operation and after increasing time during data retention at room temperature [after 3]. 

 

program failure, read error and other issues. Therefore, such noise mechanism should be paid 

special attention to during the NAND Flash memory investigation, especially for 3D NAND 

devices. A Time dependence of Vth for Flash cells affected by RTN is reported in Fig.1.10. As 
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shown RTN can cause Vth fluctuation in the memory cell. This measurement will return the 

actual RTN amplitude distribution that matters under real operating conditions, when a cell is 

read after being programmed. 

For 3D NAND devices, the mechanism for RTN is different from planer NAND devices. 

Instead of defects in the tunnel oxide, the electrons trapping/de-trapping happens at defects 

locate at the grain boundary is leading to the RTN in 3D devices. Unlike the crystal Si channel 

2D Flash memory devices, 3D NAND devices have a ploy-Si channel. When an electron is 

trapped in the defect located at the grain boundary, the current percolation path will be blocked. 

as a result, the current flow through the channel will decrease and lead to Vth increase. On the 

contrast, when electron is de-trapping from those defects located along percolation path, the 

current of the device will increase and the Vth of the device will decrease. Those phenomena 

together will lead to Vth fluctuation in the 3D NAND memory cell. The RTN in 3D NAND cell 

due to larger impact of single electron trapping/de-trapping located in proximity to a percolation 

path is shown in Fig. 1.11. This current/threshold voltage noise has a direct and significant 

impact on read window margin especially at lower temperature, therefore the research related to 

RTN in 3D NAND devices is needed and will face brand new challenges. 

Charge detrapping is a transient process that owing to the healing of some charged defects 

located at device tunnel oxide [9, 10]. Usually, those defects are negatively charged after the 

programming of the memory cell. And the detrapping will lead to a Vth reduction over the 

logarithmic timescale during data retention. Measured cumulative Vth distribution of a NAND 
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Flash array as resulting from the charge detrapping after program operation is shown in  

Fig. 1.12 [3]. Due to the different number of defects per cell, the Vth distribution is affected by a 

relevant statistical dispersion. 

 

1.4. Dissertation Organization 

In this dissertation, radiation effects and reliability performance on vertical charge-trapping 

3D NAND memory devices with different tunneling layers are explored. This dissertation is 

organized as follows:  

Chapter 1 describes the background and motivation of this work. The development and 

structure of 3D NAND device are discussed. Then, the basic operations of NAND array have 

been explained and the mechanism of radiation effects and reliability issues of NAND devices 

have been discussed.  

Chapter 2 describes the radiation effects of poly-crystalline Si channel vertical charge 

trapping NAND devices with SiON and SiO2 tunneling layers. The Vth shifts during and after 

irradiation for pre-programmed and pre-erased devices have been investigated and the related 

physical mechanisms are discussed based on charge separation.  

Chapter 3 covers the effects of geometry and cycling on the radiation response of charge-

trapping NAND memory devices with SiON tunneling layers. Scaling to smaller dimensions 
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enhances programmability, endurance, and radiation tolerance. Retention performance is 

evaluated before and after irradiation.  

Chapter 4 summarizes the major finding and research contributions of this work.
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2. TOTAL-IONIZING-DOSE EFFECTS ON VERTICAL-CHARGE-TRAPPING NAND DEVICES 

In this chapter, total-ionizing-dose effects are evaluated in vertical-charge-trapping NAND 

devices with silicon oxynitride (SiON) and SiO2 tunneling layers. Processing splits include SiON 

tunneling layers with and without H2/D2 high-pressure annealing. Programmed devices were 

irradiated to 500 krad(SiO2) with 10-keV X-rays and annealed for 30 min. A second 

programming after annealing does not fully restore the original, programmed state. Radiation-

induced trapped holes compensate deeply trapped electrons that are injected into the dielectric 

during device programming. Throughout the full irradiation and annealing sequence, threshold 

voltages remain large enough to enable successful NV memory application. 

2.1. Experimental details 

A schematic band diagram of a SONOS memory element is shown in Fig. 2.1 under erase  

  

SiO2
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Gate

Blocking
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Fig. 2.1. Band diagrams under erase conditions for polycrystalline-Si channel vertical-charge-trapping 

NAND devices with SiON and SiO2 tunneling layers. (After [68].) 

 

conditions for devices with SiON and conventional SiO2 tunneling layers. The deeper valence 

band of SiO2, compared with SiON, reduces the hole tunneling current. The increased hole 

tunneling for SiON leads to enhanced speed and efficiency of the erasure process [67]. 

 

(a) 

 

(b) 

Fig. 2.2. (a) Lateral cross section and (b) top-view cross section of polycrystalline-Si channel vertical-

charge-trapping NAND devices with SiON and/or SiO2 tunneling layers. 

 

Lateral and top view cross sections of 3-gate vertical charge trapping NAND devices are 

shown in Fig. 2.2. Circular cylindrical holes with ~70 nm diameters are etched vertically in the 
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substrate to serve as source junctions for the memory stack. The ONO gate stack is deposited 

along the outer circumference of the hollow cylinder that is formed. Then poly-crystalline Si is 

deposited to form the channel and the remaining inner volume of the cylinder is filled with SiO2. 

This fabrication process forms three gates: the top selector (TSEL), control gate (CG), and 

bottom selector (BSEL), with equal channel lengths of 50 nm and 30 nm SiO2 inter-gate spacing. 

The tunneling layer consists of SiON or SiO2 [68]. The charge trapping layer is silicon nitride 

(SiN). 

ID-VG characterization and program/erase testing is performed using a Keithley  

4200A-SCS semiconductor parameter analyzer. Using incremental step pulse programming 

(ISPP), 100 µs pulses with increasing amplitude of 12-28 V are applied to the CG. During 

programming, the BSEL and TSEL gates are biased in pass mode at 7 V with source and drain 

grounded. During erasure, the CG bias is incremented from -12 V to -21 V with pulse times of 

1 ms. The BSEL and TSEL gates are biased in pass mode at -10 V with source and drain 

grounded. ID-VG curves are measured by sweeping the CG from -2 V to 11 V with both TSEL 

and BSEL biased at 7 V and the drain biased at 0.5 V. The threshold voltage Vth is calculated as 

VGS-int – VDS/2; point of maximum first derivative [69]. Threshold-voltage shifts due to oxide- 

and interface-trap charge, ΔVot and ΔVit, are estimated via the midgap method of  

Winokur et al. [70].  

  TID irradiation is performed at a dose rate of 30.3 krad(SiO2)/min in an ARACOR Model 

4100 ~10-keV X-ray irradiator [46]. All terminals are grounded during irradiation, corresponding 
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to the storage condition. Programmed and erased devices are irradiated up to 500 krad(SiO2). After 

irradiation, devices were annealed with all terminals grounded for 30 min at room temperature. 

Devices were then erased and reprogrammed using the ISPP process. Reprogrammed devices were 

annealed at room temperature (RT) for at least four days to test retention. For each type of device 

and condition, results were obtained from at least three devices; average values and error bars 

denoting standard deviations are shown. 

2.2. Experimental results and analysis:  

2.2.1. Program/erase and retention characteristics 

Fig. 2.3 shows Vth shifts for various program and erase voltages for devices with SiON 

tunnel layers with and without high pressure annealing in H2/D2 ambient (HPA) [71], and with 

SiO2 tunnel layers. The Vth shift is defined relative to that of devices erased with the lowest CG 

voltage. Using ISPP, SiON devices were programmed with CG voltages from 12 V to 22 V and 

erased with CG voltages from -13 V to -16 V. Programming the devices produces a Vth shift of 

about +5 V. This shift is evidence of significant electron trapping in the SiN layer of the SONOS 

device [33], [35], [39], [46], [68]. SiO2 devices were programmed using ISPP with CG voltages 

from 12 V to 28 V and erased with CG voltages from -15 V to -21 V to provide similar Vth shifts. 

These results confirm that devices with SiON tunnel oxides are programmed and erased more 

easily than devices with SiO2 tunnel oxides [68]. 

The retention characteristics of the programmed devices were also investigated; results for 
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SiON devices are shown in Fig. 2.4. The ID - VG curves in Figs. 2.4 (a) and values of 
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Fig. 2.3. Vth shifts under various program and erase voltages for 3D NAND devices with (a) SiON and (b) 

SiO2 tunneling layers. 
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(a) 

 

 (b)  

Fig. 2.4. (a) ID-VG curves, (b) Vth shifts, and components due to oxide and interface-trap charge, ΔVot and 

ΔVit, through programming and RT annealing for SiON devices. Values of ΔVth, ΔVot, and ΔVit are defined 

relative to those of fresh devices. 
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(a) 

 

 (b)  

Fig. 2.5. (a) ID-VG curves, (b) Vth shifts, and components due to oxide and interface-trap charge, ΔVot and 

ΔVit, through programming and RT annealing for SiON devices with HPA. Values of ΔVth, ΔVot, and ΔVit 

are defined relative to those of fresh devices. 
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(a) 

 

 (b)  

Fig. 2.6. (a) ID-VG curves, (b) Vth shifts, and components due to oxide and interface-trap charge, ΔVot and 

ΔVit, through programming and RT annealing for SiON devices with HPA. Values of ΔVth, ΔVot, and ΔVit 

are defined relative to those of fresh devices. 

 

ΔVot and ΔVit in Figs. 2.4(b) show that negative trapped charge in the silicon nitride (SiN) 
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contributes most to Vth during programming, with minimal stretch-out due to interface-trap 

charge buildup at the Si/tunnel-oxide interface during or after device programming.  

The retention characteristics of the programmed devices were also investigated; results for 

SiON devices with HPA are shown in Fig. 2.5. The ID - VG curves in Figs. 2.5 (a) and values of 

ΔVot and ΔVit in Figs. 2.5(b) show that negative trapped charge in the silicon nitride (SiN) 

contributes most to Vth during programming, with minimal stretch-out due to interface-trap 

charge buildup at the Si/tunnel-oxide interface during or after device programming, similar to 

SiON devices. 

The retention characteristics of the programmed devices were also investigated; results for 

SiO2 devices are shown in Fig. 2.6. The ID - VG curves in Figs. 2.6 (a) and values of ΔVot and ΔVit 

in Figs. 2.6(b) show that negative trapped charge in the silicon nitride (SiN) contributes most to 

Vth during programming, with minimal stretch-out due to interface-trap charge buildup at the 

Si/tunnel-oxide interface during or after device programming, similar to SiON devices, in all 

cases, the Vth shift caused by the retention charge loss is not significant, sufficient charge 

retention is demonstrated to enable successful NVM operation. 

2.2.2. Total-ionizing-dose results 

Vth shifts of pre-programmed devices are plotted vs. total ionizing dose in Fig. 2.7. After 

irradiation, devices were annealed for 30 min at room temperature and then reprogrammed and 

annealed again. A significant memory window can be maintained in both SiON and SiO2 devices  
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Fig. 2.7. Irradiation, RT annealing, and retention results for pre-programmed devices with SiON and SiO2 

tunneling layers. In (a), devices show Vth shifts, relative to pre-programmed values, of ~4.5 V to ~5.5 V 

after programming and ~1.5 V to ~3 V after TID exposure to 500 krad(SiO2). In (b), Vth does not change 

significantly during 30 minutes of RT annealing after TID. (c) shows responses of devices after 

reprogramming. Vth increases but does not fully return to initial programmed values. 
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having these threshold voltage levels during the entire sequence. Programmed devices show Vth 

reductions of ~2 V at 500 krad(SiO2). This reduction occurs because (1) trapped electrons are 

emitted from traps in the nitride and transport out of the dielectric layer during irradiation [39] 

and (2) radiation-induced positive charges in the SiN or near-SiN tunnel oxide recombine with or 

compensate a fraction of the electrons stored in the SiN layer [39], [46]-[48], [70], [71]. After 

irradiation, devices were annealed at room temperature for 30 minutes; recharging electron traps 

in the SiN during post-irradiation programming more difficult than during the original 

programming of as-processed (fresh) devices. Reprogrammed devices were annealed at room 

temperature for at least four days to test retention characteristics. As shown in Fig. 2.7, SiO2 

devices and SiON devices with HPA have superior retention characteristics to SiON devices 

without HPA after the second programming. 

Vth shifts of pre-erased devices are plotted vs. total ionizing dose in Fig. 2.8. The sequence of 

results is similar to Fig. 2.7. Significantly less net radiation-induced trapped positive charge is 

observed in the SiON devices with HPA than for other types of tunnel oxides, as evidenced by 

the Vth shifts in Fig. 2.8, panel 1. These differences indicate that either fewer radiation-induced 

holes are trapped or more compensating electrons are trapped in devices with SiON tunnel 

oxides with HPA than in devices with SiON tunnel oxides without HPA or in devices with SiO2 

tunnel oxides. After irradiation, devices were annealed at room temperature for 30 minutes; Vth 

values do not change significantly during annealing. Reprogrammed devices were annealed at 

room temperature for at least four days to test retention characteristics. SiO2 devices and SiON  
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Fig. 2.8. Irradiation, RT annealing, and retention results for devices with SiON and SiO2 tunneling layers, 

irradiated in the erased-state. In (a), devices show Vth shifts, relative to pre-erased values, of ~0.25 V 

(SiON HPA) and ~1.0 V (SiON, SiO2) after exposure to 500 krad(SiO2). In (b), Vth does not change 

significantly during 30 min RT annealing. (c) shows responses of devices after reprogramming. Vth 

increases but does not fully return to initial programmed values. 
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Fig. 2.9. Threshold voltage shifts during program/erase cycles (Panels 1 and 4) before and after TID 

irradiation (Panel 2) and annealing (Panel 3) for (a) SiON devices, (b) SiON devices with HPA, and (c) 

SiO2 devices. 

 



 

33 

 

devices with HPA have superior retention characteristics to SiON devices without HPA after 

programming, consistent with trends in Fig. 2.7. 

Fig. 2.9 shows how threshold voltages shift during multiple program/erase cycles before and 

after TID. Repeatable programming and erasing are illustrated in the leftmost panel for each 

device. Decreases in Vth are observed in the second panels during TID exposure. Little change is 

observed during post-irradiation annealing in the third panels. In the right-most panels, devices 

are successfully erased, but reprogrammed devices do not reach the original levels. Again, a  

 

Nitride
Silicon Poly Silicon

Tunnel Oxide
Blocking Oxide

Irradiation

 

Fig. 2.10. Schematic band diagram for devices that are programmed and irradiated. Empty sites in SiN are 

represented by circles; trapped electrons and holes are represented by “-” and “+”. During irradiation, 

electron emission primarily depopulates sites near the conduction band edge. Some deeper electron traps 

are neutralized via hole capture; some programming-induced charge in the SiN is compensated by hole 

trapping in SiN or the near-SiN tunnel or blocking oxides. 
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significant memory window can be maintained in NVMs having devices with these threshold 

voltage levels during the entire sequence. 

The charge distribution of devices that are programmed and then irradiated is shown 

schematically in Fig. 2.10. Holes generated in blocking and tunnel oxides are attracted to the SiN 

layer by the high negative charge density in programmed devices [39], [46], [49]. Because of the 

high density of hole traps in silicon nitride [39], [46] and the potential to trap holes in the  

near-SiN tunnel oxide, many are captured before they can recombine with trapped electrons. 

Thus, irradiation leads to the emission of trapped electrons from sites near the conduction band 

edge [39], the neutralization of some deeper traps via hole capture [37], and hole trapping in the  

near-SiN regions of the blocking and tunnel oxides [39], [46]-[49]. The compensating holes 

reduce the Vth shift without emptying a significant fraction of the deep electron traps [46]. In 

both Si3N4 and SiO2 layers, a significant fraction of the dipoles formed by compensating trapped 

charges are highly thermally and electrostatically stable during subsequent irradiation and/or  

annealing [72]-[75]. Thus, many of the deeper trapping sites populated during the original 

programming cycle are no longer available when devices are reprogrammed, and the second 

programming cycle preferentially populates shallower trapping sites in the SiN. Hence, these 

newly trapped electrons are more easily removed during post-irradiation annealing [72], [73]. 

Fig. 2.11 – Fig. 2.13 shows ID-VG curves through irradiation (a) and post-TID annealing (b), 

and corresponding values of ΔVot and ΔVit (c), for devices with SiON tunnel oxide that did not 

receive H2/D2 HPA (Fig. 2.11), SiON tunnel oxides with HPA (Fig. 2.12), and devices with SiO2  
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Fig. 2.11. (a) and (b) ID-VG curves, and (c) Vth shifts and components due to oxide and interface-trap 

charge, ΔVot and ΔVit, through irradiation (a) and post-TID retention testing (b) for SiON devices. Values 

of ΔVth, ΔVot, and ΔVit are defined relative to those of fresh devices. 
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Fig. 2.12. (a) and (b) ID-VG curves, and (c) Vth shifts and components due to oxide and interface-trap 

charge, ΔVot and ΔVit, through irradiation (a) and post-TID retention testing (b) for SiON devices with 

HPA. Values of ΔVth, ΔVot, and ΔVit are defined relative to those of fresh devices. 



 

37 

 

 

 

Fig. 2.13. (a) and (b) ID-VG curves, and (c) Vth shifts and components due to oxide and interface-trap 

charge, ΔVot and ΔVit, through irradiation (a) and post-TID retention testing (b) for SiO2 devices. Values 

of ΔVth, ΔVot, and ΔVit are defined relative to those of fresh devices. 
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tunnel oxides (Fig. 2.13). The ID-VG curves of the SiO2 devices show more significant increases 

in subthreshold stretch-out with irradiation compared to SiON devices with or without HPA, and 

thus a higher density of interface traps at the Si/tunnel-oxide interface. Nitrogen incorporation 

can passivate the silicon dangling bonds and release the strain at the interface of SiON devices 

[76], [77]. The formation of strong Si-N bonds at the interface also reduces interface-trap 

formation in programmed [78], [79] and/or irradiated [80], [81] SiON devices. As a result, fewer 

interface traps are generated during irradiation for devices with SiON tunnel oxides than for 

devices with SiO2 tunnel oxides. 

The similarity in total interface-trap densities in SiON devices that received HPA treatment 

in a H2/D2 environment and SiON devices that did not receive HPA is due most likely to the 

negative field that exists in the tunnel oxide during irradiation and annealing as a result of the 

large negative charge density in the SiN [39], [73]. This negative field causes excess protons that 

may be released during hole transport in the SiON tunnel oxide with HPA to drift away from the 

Si/SiO2 interface, instead of drifting toward the interface and causing additional interface-trap 

formation [46], [82]-[86]. The post-TID ID-VG curves in Fig. 2.13(b) show that values of Vth for 

the SiO2 device shift very little after annealing for 4200 min. However, the Vth of SiON devices 

shifts significantly after annealing. These differences in annealing response are due to the lower 

tunneling barrier in SiON devices than for SiO2 devices. However, even after this reduction of 

Vth, SiON devices that received HPA in H2/D2 ambient show the best overall response in this 

study. These devices (Fig. 2.12(b)) show less charge loss than devices with SiON tunnel oxide 
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with no HPA annealing (Fig. 2.11(b)), and much less subthreshold stretch-out than devices with 

SiO2 tunnel oxides (Fig. 2.13(b)). 

 

2.3. Summary and conclusion 

The radiation effects of poly-crystalline Si channel vertical charge trapping NAND devices 

with SiON and SiO2 tunneling layers are investigated. Devices show ~ +5 V Vth shifts during 

programming and approximately −2 V Vth shifts when irradiated to 500 krad(SiO2). Irradiated 

devices cannot be programmed back to original programming levels after irradiation, most likely 

because trapped holes in the nitride layer compensate deeply trapped electrons, rather than 

recombining with them. Hence, deep electron trapping sites are not available when irradiated 

devices are reprogrammed. Programmed devices are still able to be erased successfully after 

irradiation. In all cases we have considered, devices show sufficient Vth shifts after programming, 

irradiation, and annealing to enable successful operation as NVM devices. Under the 

programming and irradiation conditions of this study, the devices with SiON tunnel oxides that 

received HPA treatment in H2/D2 ambients show the best overall response.
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3. EFFECTS OF GEOMETRY ON THE RADIATION RESPONSE OF NAND MEMORY DEVICES 

In this chapter, we have investigated the dimension dependence of TID effects on 3D NAND 

devices built in a SONOS architecture with SiON tunneling layers. Scaling the channel hole 

dimension are effective approaches to improve the storage density and reduce cost for NAND 

applications [87], however the cylindrical geometry has a significant impact on the oxide 

capacitance and the electrical field cross the oxide and channel [88], [89], therefore will affect 

the radiation effects and reliability performance of memory devices. Device dimension become 

more and more critical, but the dimension dependence on their radiation effects is still lack of 

investigation. Experimental results show that programmed devices show excellent performance 

up to at least 500 krad(SiO2) with different dimensions. The dimension dependence of retention 

performance of devices before and after irradiation are also investigated. 

TID effects are an important consideration for the use of nonvolatile memories in  

high-radiation environments [1], [3]. Nowadays NAND Flash memory devices are based 

primarily on 3D NAND architecture due to their advantages for high density storage [32]-[34]. 

Vertical NAND stacks with SONOS type memory cells are the most adopted structure for 3D 

NAND memories [35], which generally are more radiation-tolerant than floating-gate Flash 

memories [36]. Scaling channel dimensions can improve storage density and reduce cost for 

NAND applications [51]; however, the cylindrical geometry associated with modern, vertical 
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NAND stacks has a significant impact on oxide capacitance and oxide/channel electric  

field [36], [37]. Thus, it is important to determine the effects of device dimension scaling on the 

properties of these devices. 

We have investigated the effects of channel area on TID effects on 3D NAND devices built 

in a SONOS architecture with SiON tunneling layers. Programmed and erased devices show 

excellent performance up to at least 500 krad(SiO2). Smaller devices show enhanced 

programmability and greater TID tolerance than larger devices. Devices show worse retention 

performance after irradiation owing to increased trap assist tunneling. Excellent endurance is 

observed in pre- and post-irradiation cycling tests. 

3.1. Experimental details 

Fig. 2.2 shows lateral and top-view cross sections of the SONOS-based 3D NAND devices 

used in this study [90]. Circular cylindrical holes with 70 to 90 nm diameters are etched 

vertically in the substrate to serve as source junctions for the memory stack [78], [90]. An ONO 

gate stack is deposited along the outer circumference of the core hollow cylinder. The charge 

trapping layer is silicon nitride (SiN). The channel is poly-crystalline Si; the inner volume of the 

cylinder is filled with SiO2. This process forms the top selector (TSEL), control gate (CG), and 

bottom selector (BSEL), with equal channel lengths of 50 nm and 30 nm SiO2 inter-gate  

spacing [90]. 

ID-VG characterization and program/erase (P/E) testing are performed using a Keithley  
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4200A-SCS semiconductor parameter analyzer. To program the devices, 100 µs pulses with 

increasing amplitudes of 12-24 V are applied to the CG with the BSEL and TSEL gates biased in 

pass mode at 7 V; the source and drain are grounded. During erasure, the CG bias is incremented 

from -12 V to -20 V with pulse times of 1 ms. The BSEL and TSEL gates are biased in pass 

mode at -10 V with source and drain grounded. ID-VG curves are measured by sweeping the CG 

from 0 V to 10 V with the TSEL and BSEL biased at 7 V and the drain biased at 0.5 V [90]. The 

threshold voltage Vth is calculated from the intercept of the drain current with the gate-voltage 

axis, VGS-int – VDS/2, with the extrapolation taken from the point of maximum first  

derivative [46], [70]. 

TID irradiation is performed at a rate of 30.3 krad(SiO2)/min using ~10-keV X-rays [17]. All 

terminals are grounded during irradiation, corresponding to the storage condition. In this study, 

devices with different dimensions are (1) programmed and annealed at room temperature for at 

least four days to test retention, (2) irradiated up to 500 krad(SiO2) and annealed with all 

terminals grounded for 30 min at room temperature, and/or (3) subjected to P/E cycling before 

and after irradiation. For each type of device and condition, results were obtained from at least 

three devices; average values and error bars denoting standard deviations are shown. 

3.2. Experimental results and discussion: 

3.2.1. Program and erase characteristic 

Fig. 3.1 shows Vth shifts for various program and erase voltages for devices with and without 
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high pressure annealing in H2/D2 ambient (HPA) [71], [90]. Devices with hole diameters of 70 

nm, 80 nm, and 90 nm are tested. The Vth shifts are defined relative to those of devices erased  

 

 

Fig. 3.1. The Vth shift under various program and erase voltages for 3D NAND devices with and without 

HPA and with different dimensions. 
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with the lowest CG voltage. The programming sequence described in Section 3.1 produces a Vth 

shift of about +5 V due primarily to electron trapping in the SiN layer [39], [47], [90]. These 

results show that devices with smaller dimensions are programmed and erased more easily than 

devices with large dimensions, because the increased electric fields during programming in 

devices with small dimensions increase both the program and erase efficiency of SONOS-based 

memory devices [88], [89]. The geometrical effects in Fig. 3.1 are more significant than the 

effects of whether HPA is performed or omitted. 

3.2.2. Total ionizing radiation results 

Figs. 3.2 and 3.3 show Vth shifts for devices programmed before irradiation through a 

sequence that includes: (1) P/E cycles, (2) irradiation to 500 krad(SiO2), (3) RT annealing, and 

(4) post-annealing erasure and programming (Fig. 3.2) with and (Fig. 3.3) without HPA. Figs. 3.4 

and 3.5 show similar cycling, irradiation, annealing, and programming sequences for devices 

(Fig. 3.4) with and (Fig. 3.5) without HPA that were erased without programming before 

irradiation (pre-erased). All devices are easily and reproducibly programmed and erased before 

and after irradiation and annealing [90]. 

Irradiation to 500 krad(SiO2) neutralizes up to ~60% of the stored electrons [46],[47], 

[71],[90],[91]. The highest neutralization percentages are observed for the largest diameter 

devices in Figs. 3.2 and 3.3. Thus, programmed devices with smaller dimensions exhibit higher 

radiation tolerance than larger-dimension devices. This is due primarily to the effectively thinner 
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oxides of the more highly scaled (smaller) memory elements [46]. Moreover, the gate-all-around 

structure of these memory elements provides increasing gate control as the volume of the device 

decreases [92]-[94]. 

Vth shifts during irradiation are similar for devices with and without HPA, as shown in  

 

Fig. 3.2. Program/erase cycles before and after irradiation, Vth shift during irradiation and RT annealing 

results for pre-programmed devices with HPA. In (a), pre-programmed devices show Vth shifts, relative to 
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pre-programmed values, of ~5 V to ~5.5 V after programming and ~2 V to ~3 V after TID exposure to 

500 krad(SiO2). In (b), Vth does not change significantly during 30 minutes of RT annealing after TID and 

devices can be successfully erased and reprogrammed after irradiation. 

 

 

 

Fig. 3.3. Program/erase cycles before and after irradiation, Vth shift during irradiation and RT annealing 

results for pre-programmed devices without HPA. In (a), pre-programmed devices show Vth shifts, 

relative to pre-programmed values, of ~5 V to ~5.5 V after programming and ~2 V to ~3 V after TID 

exposure to 500 krad(SiO2). In (b), Vth does not change significantly during 30 minutes of RT annealing 

after TID and devices can be successfully erased and reprogrammed after irradiation. 

 



 

47 

 

 

 

 

 
Fig. 3.4. Program/erase cycles before and after irradiation, Vth shift during irradiation and RT annealing 

results for pre-erased devices with HPA. In (a), pre-erased devices show memory window of ~5 V to 

 ~5.5 V before irradiation and Vth shifts of ~0.5 V to ~1 V after TID exposure to 500 krad(SiO2). In (b), 

Vth does not change significantly during 30 minutes of RT annealing after TID and devices can be 

successfully erased and reprogrammed after irradiation. 
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Fig. 3.5. Program/erase cycles before and after irradiation, Vth shift during irradiation and RT annealing 

results for pre-erased devices with HPA. In (a), pre-erased devices show memory window of ~5 V to 

 ~5.5 V before irradiation and Vth shifts of ~0.5 V to ~1 V after TID exposure to 500 krad(SiO2). In (b), 

Vth does not change significantly during 30 minutes of RT annealing after TID and devices can be 

successfully erased and reprogrammed after irradiation. 
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Figs. 3.2 and 3.3, respectively. In Figs. 3.4 and 3.5, pre-erased devices show less significant Vth 

shifts during TID irradiation than devices programmed before irradiation (pre-programmed), 

owing to reduced trapped charge densities and correspondingly lower electric fields during 

irradiation. For all cases in Fig. 3.2 - 3.5, Vth values do not change significantly during 30 min. 

room-temperature annealing. 

3.2.3. Retention performance results 

We also performed retention tests on devices before and after irradiation. Results are shown in 

Fig. 3.6 for devices with HPA and Fig. 3.7 for devices without HPA. The retention characteristics 

of unirradiated, programmed devices are shown in (a) of Figs. 3.6 and 3.7. The Vth shifts are 

defined relative to those of erased, unirradiated devices. Vth shifts of about 0.5 V occur during RT 

post-irradiation annealing. In contrast to the programming results in Fig 3.1, the device 

dimensions do not significantly affect retention performance. This is because the electric fields 

during programming are determined primarily by the applied voltages, while the electric fields 

during the retention test are determined entirely by trapped charge densities. So, the differences 

among electric fields for devices of different geometries during the retention test are smaller than 

differences during programming. In addition, charge loss during retention testing is determined 

primarily by trap-assisted tunneling via variable range hopping and/or thermal emission, which 

depend more weakly on oxide electric field than device programming [3], [39], [95]. After the 

retention test, devices were irradiated up to 500 krad(SiO2), fully erased, and reprogrammed with 



 

50 

 

the same process as before irradiation, and then put into retention testing again. Post-irradiation  

 

 

Fig. 3.6. Retention for devices with HPA. Retention test are carried out during room-temperature storage 

with all pins grounded for (a) unirradiated devices, and (b) devices that were irradiated to 500 krad(SiO2) 

with all pins grounded, fully erased, and reprogrammed before being put onto retention test. 
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Fig. 3.7. Retention for devices without HPA. Retention test are carried out during room-temperature 

storage with all pins grounded for (a) unirradiated devices, and (b) devices that were irradiated to 500 

krad(SiO2) with all pins grounded, fully erased, and reprogrammed before being put onto retention test. 
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test results are shown in (b) of Figs. 3.6 and 3.7. Devices show Vth shifts of about 0.5 V to 1 V 

during the post-irradiation retention test. The faster rate of post-irradiation charge loss, compared 

with unirradiated devices, occurs because radiation-induced charge trapping in the tunnel oxide 

enhances the rate of trap-assisted tunneling significantly [3], [39]. The HPA process does not 

have a significant impact on retention. These results show that hydrogen treatments have less 

impact on charge loss mechanisms in these devices than on interface-trap buildup [39], [86], [90]. 

3.3. Cycling Test Results 

Fig. 3.8 shows the cycling endurance performance for devices with HPA, including: (a) as- 

processed devices, (b) devices irradiated to 500 krad(SiO2), (c) devices irradiated to an additional 

500 krad(SiO2), so that the cumulative dose is 1 Mrad(SiO2). Fig. 3.9 shows the cycling 

endurance performance for devices without HPA, including: (a) as-processed devices, (b) devices 

irradiated to 500 krad(SiO2), (c) devices irradiated to an additional 500 krad(SiO2), so that the 

cumulative dose is 1 Mrad(SiO2). Vth shifts of about 5 V were achieved with the first P/E cycle 

for unirradiated devices, relative to that of the erased state. As-processed devices that received 

HPA treatments show Vth shifts of about ‒0.5 V for the programmed state and about +0.5 V for 

the erased state [5], [35], [36]. For as-processed devices without HPA the Vth shift with cycling is 

not as significant. After irradiation, Vth does not shift significantly with cycling for devices with 

and without HPA, as shown in panels Fig. 3.8 and Fig.3., (b) and (c). Only about 0.1 V ~ 0.2 V 

Vth was observed for programmed and erased state with cycling. 
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Fig. 3.8. Cycling endurance performance for devices with HPA before and after irradiation. Left to right, 

(1) as-processed devices are programmed with 22 V ~ 24 V and erased with -17 V ~ -19 V for 100 cycles, 

(2) devices are irradiated to 500 krad(SiO2) and then cycled 100 times, and (3) devices are irradiated to 

500 krad(SiO2) again (total 1000 krad(SiO2)) and then cycled an additional 100 times. All Vth shifts are 

defined relative to those of the erased state that is established after the first P/E cycle for the unirradiated 

devices. 
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Fig. 3.9. Cycling endurance performance for devices w/o HPA before and after irradiation. Left to right, 

(1) as-processed devices are programmed with 22 V ~ 24 V and erased with -17 V ~ -19 V for 100 cycles, 

(2) devices are irradiated to 500 krad(SiO2) and then cycled 100 times, and (3) devices are irradiated to 

500 krad(SiO2) again (total 1000 krad(SiO2)) and then cycled an additional 100 times. All Vth shifts are 

defined relative to those of the erased state that is established after the first P/E cycle for the unirradiated 

devices. 
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The ID-VG curves through the entire cycling sequence for programmed state and erased state 

of 70nm devices with HPA are shown in Fig. 3.10 – Fig. 3.12 (a) and (b), respectively. And 

corresponding values of ΔVth, ΔVot and ΔVit are shown in Fig. 3.10 – Fig. 3.12 (c) for 

programmed state and Fig. 3.10 – Fig. 3.12 (d) for erased state. The ID-VG curves through the 

entire cycling sequence for programmed state and erased state of 70nm devices without HPA are 

shown in Fig. 3.13 – Fig. 3.15 (a) and (b), respectively. And corresponding values of ΔVth, ΔVot 

and ΔVit are shown in Fig. 3.13 – Fig. 3.15 (c) for programmed state and Fig. 3.13 – Fig. 3.15 (d) 

for erased state. Values of ΔVth, ΔVot and ΔVit are defined relative to those of fresh devices. From 

the charge separation results, the Vth shift for the programmed state in as-processed devices 

decreases during cycling due primarily to the loss of electrons in the trapping layer [39], [95], 

[96]. The Vth shift for the erased state of as-processed devices increases during cycling owing to 

the buildup of interface traps and negatively charged oxide traps. As shown in Fig. 6 for the 70 

nm devices with HPA that were irradiated to a cumulative dose of 1 Mrad(SiO2), the differences 

between Vth values for the programmed and erased states decrease by about 1.5 V, relative to the 

responses of unirradiated devices. The decrease in the effective memory window results from 

three factors: (1) net radiation-induced hole trapping in the tunnel oxide, (2) charge loss from the 

SiN layer due to electron emission and/or charge neutralization via hole capture during 

irradiation, and (3) the buildup of interface traps at the tunnel oxide/channel  

interface [39], [90], [96].  

Vth shifts during TID irradiation for uncycled and cycled devices with HPA are shown in  
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Fig. 3.10. ID-VG curves, Vth shifts, and components due to oxide and interface-trap charge, ΔVot and ΔVit, 

through the cycling endurance test sequence for (a) and (c) programmed state, and (b) and (d) erased state 

of as-processed 70nm devices with HPA. Devices show about 0.5 V Vth decrease for programmed-state 

and about 0.5 V Vth increase for erased-state, owing to the buildup of interface traps and oxide traps, as 

well as the charge loss in the trapping layer, as show in (c) and (d). 
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Fig. 3.11. ID-VG curves, Vth shifts, and components due to oxide and interface-trap charge, ΔVot and ΔVit, 

through the cycling endurance test sequence for (a) and (c) programmed state, and (b) and (d) erased state 

of 70nm devices with HPA irradiated to 500 krad(SiO2). Devices show about 0.1 V Vth decrease for 

programmed-state and about 0.3 V Vth increase for erased-state, owing to the buildup of interface traps 

and oxide traps, as well as the charge loss in the trapping layer, as show in (c) and (d). 
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Fig. 3.12. ID-VG curves, Vth shifts, and components due to oxide and interface-trap charge, ΔVot and ΔVit, 

through the cycling endurance test sequence for (a) and (c) programmed state, and (b) and (d) erased state 

of 70nm devices with HPA irradiated to a cumulative dose of 1 Mrad(SiO2). Devices show about 0.1 V 

Vth decrease for programmed-state and about 0.2 V Vth increase for erased-state, owing to the buildup of 

interface traps and oxide traps, as well as the charge loss in the trapping layer, as show in (c) and (d). 
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Fig. 3.13. ID-VG curves, Vth shifts, and components due to oxide and interface-trap charge, ΔVot and ΔVit, 

through the cycling endurance test sequence for (a) and (c) programmed state, and (b) and (d) erased state 

of as-processed 70nm devices without HPA. Devices show about 0.1 V Vth increase for programmed-state 

and about 0.5 V Vth increase for erased-state, owing to the buildup of interface traps and oxide traps, as 

well as the charge loss in the trapping layer, as show in (c) and (d). 
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Fig. 3.14. ID-VG curves, Vth shifts, and components due to oxide and interface-trap charge, ΔVot and ΔVit, 

through the cycling endurance test sequence for (a) and (c) programmed state, and (b) and (d) erased state 

of 70nm devices without HPA irradiated to 500 krad(SiO2). Devices show about 0.1 V Vth increase for 

programmed-state and about 0.1 V Vth increase for erased-state, owing to the buildup of interface traps 

and oxide traps, as well as the charge loss in the trapping layer, as show in (c) and (d). 
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Fig. 3.15. ID-VG curves, Vth shifts, and components due to oxide and interface-trap charge, ΔVot and ΔVit, 

through the cycling endurance test sequence for (a) and (c) programmed state, and (b) and (d) erased state 

of 70nm devices with HPA irradiated to a cumulative dose of 1 Mrad(SiO2). Devices show about 0.05 V 

Vth increase for programmed-state and about 0.1 V Vth increase for erased-state, owing to the buildup of 

interface traps and oxide traps, as well as the charge loss in the trapping layer, as show in (c) and (d). 

 

Figs. 3.16(a) and 3.16(b); results for uncycled and cycled devices without HPA are shown in  

Figs. 3.16(c) and 3.16(d). For both splits, as-processed and cycled devices were irradiated to  
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500 krad(SiO2). Even though the P/E cycling are known to introduce oxide and interface traps 

[97],[98], the results of Fig. 3.16 show that modest P/E cycling does not significantly add to the 

radiation-induced charge loss for these devices under these irradiation and cycling conditions. 
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Fig. 3.16. Threshold voltage shifts during TID irradiation for (a) uncycled and (b) cycled devices with 

HPA and (c) uncycled and (d) cycled devices without HPA. 
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3.4. Summary 

The effects of channel area on the total-ionizing dose response of 3D NAND devices built in a 

SONOS architecture with SiON tunneling layers were evaluated. Programmed and erased 

devices show excellent radiation response and endurance up to at least 500 krad(SiO2). Smaller 

devices show enhanced programmability and greater TID tolerance than larger devices, which is 

a very positive trend for future size scaling of charge-trapping NAND memories. Devices at all 

dimensions tested are able to be erased and programmed successfully after irradiation. Retention 

performance of irradiated devices is worse compared to unirradiated devices, owing to radiation-

induced oxide- and interface-trapped charge buildup. Excellent endurance is observed during 

cycling tests performed before and after irradiation. Devices irradiated to a cumulative dose of 

500 krad(SiO2) exhibit a decrease in maximum possible memory window of up to 1.5 V, owing 

to the charge loss from the SiN layer and buildup of interface traps at the tunnel oxide/channel 

interface, but remain capable of operation as NV memory elements. 
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4. CONCLUSION 

This work focuses on evaluating TID effects and reliability issues in vertical-charge-trapping 

NAND devices with SiON and SiO2 tunnel layers. We test devices with three different processes: 

devices with SiON tunnel layer and without HPA; devices with SiON tunnel layer and with HPA; 

devices with SiO2 tunnel layer and without HPA. We evaluated the devices pregame/erase 

efficiency, the TID test were carried out for both programed and erased devices with different 

dimensions. And the reliability performance such as endurance and retention of those devices are 

investigated before and after irradiation. The overall performance of devices with different tunnel 

layers and different annealing processes are compared. And detailed analysis of the underlying 

mechanism is provided for the experimental results, which will be useful for future device 

performance improvement. 

The program/erase efficiency are evaluated for 70 nm devices with different tunnel layers, 

devices with SiO2 tunnel show less efficiency due to their larger band barrier height. Devices 

show ~ +5 V Vth shifts during programming and approximately −2 V Vth shifts when irradiated to 

500 krad(SiO2), because radiation-induced positive charge either recombines with or 

compensates a fraction of the stored electrons in trapping layer during irradiation. It’s interesting 

to note that irradiated devices cannot be programmed back to original programming levels after 

irradiation, because trapped holes in the nitride layer compensate deeply trapped electrons, rather 

than recombining with them. For all the devices under testing, their Vth shift caused by the 
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retention charge loss is not significant, sufficient charge retention is demonstrated to enable 

successful NVM operation. Under the programming and irradiation conditions of this study, the 

devices with SiON tunnel oxides that received HPA treatment in H2/D2 ambients show the best 

overall response. 

The effects of channel area on the TID response for devices with SiON tunneling layers were 

also evaluated. Programmed and erased devices with different dimensions show excellent 

radiation response and endurance up to at least 500 krad(SiO2). Smaller devices show enhanced 

programmability and greater TID tolerance than larger devices, owing to the increased electric 

fields and gate control ability in devices with small dimensions, which is a very positive trend for 

future size scaling of charge-trapping NAND memories. Devices at all dimensions tested are able 

to be erased and programmed successfully after irradiation. Retention performance of irradiated 

devices is worse compared to unirradiated devices, owing to radiation-induced oxide- and 

interface-trapped charge buildup. Excellent endurance is observed during cycling tests performed 

before and after irradiation. Devices irradiated to a cumulative dose of 500 krad(SiO2) exhibit a 

decrease in maximum possible memory window of up to 1.5 V, owing to the charge loss from the 

SiN layer and buildup of interface traps at the tunnel oxide/channel interface, but remain capable 

of operation as NV memory elements. 
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